Introduction
Streptococcus pneumoniae (pneumococcus) remains the most common invasive bacterial agent leading to hospitalization in all age groups (Schuchat et al, 2001) , with the majority of these cases affecting either children or the elderly. Penicillin remains the primary mode of treatment, but the emergence of antibiotic resistance has intensified the search for new therapeutic approaches (Whitney et al, 2000) . While disease prevention through vaccination is partially effective, this approach is less effective in the youngest and oldest patients (Butler et al, 1993) . Hence, studies of disease mechanisms may provide insights into new antibacterial therapies. The pneumococcus invades human nasopharyngeal epithelial (NE) cells and enters the blood stream through a process termed reverse transcytosis mediated by polymeric immunoglobulin receptor (pIgR) (Zhang et al, 2000) . The normal function of pIgR is to transport secretory IgA (sIgA) from the basolateral to the apical surface of NE cells (Mostov and Kaetzel, 1999) . A protein on the bacterial surface, choline binding protein A (CbpA), binds specifically to an extracellular domain of pIgR and hijacks the endocytosis machinery to translocate pneumococci across NE cells into the blood stream. While the participation of CbpA in pneumococcal adhesion and invasion is well established (Rosenow et al, 1997) , the molecular details of these processes are not understood.
CbpA (also referred to as PspC, SpsA and PbcA) is one of 15 proteins identified in the genome of the TIGR4 strain (Tettelin et al, 2001 ) that exhibit multiple C-terminal repeats of an B19-amino-acid motif that binds choline moieties present on the bacterial cell wall (Gosink and Tuomanen, 2000) . The mechanism of bacterial surface attachment by CbpA can be understood on the basis of structural studies of another choline binding protein (Cbp), LytA. (Note: We use the generic term CbpA to refer to the CbpA protein from the TIGR4 strain.) The C-terminal domain of LytA contains seven repeats of the choline binding motif and adopts a unique b-solenoid structure, with choline groups binding between b-hairpin 'steps' of the staircase-like structure (FernandezTornero et al, 2001) . Similarly, CbpA has eight repeats of this motif in its C-terminus ( Figure 1A ) and is predicted to bind surface-exposed choline groups in a similar manner (Fernandez-Tornero et al, 2001) . The N-terminal domains of the 15 TIGR4 Cbps differ widely, with functions ranging from bacterial autolysis (LytA) and glucosaminidase activity (LytB) to adhesion to human NE cells (CbpA) (Gosink et al, 2000; Tettelin et al, 2001) . The sequence of the CbpA Nterminus (residues 39-514; Tettelin et al, 2001 ) exhibits numerous repeats of the leucine zipper (LZ) motif (Landschulz et al, 1988 ) that cluster within five domains termed A, B, R1, R2 and C ( Figure 1A ). Domains A, B and C are 21-25 amino acids in length and are predicted to form coiled-coil dimers ( Figure 1B ) (Lupas et al, 1991) . The B110-amino-acid-long, 'repeated' domains, R1 and R2 (78% identical) (Zhang et al, 2000) , are also predicted to form selfassociated, coiled-coil structures. We refer to these as 'R' domains. The segments that connect these domains are predicted to lack secondary structure. In general, LZ motifs mediate intra-or intermolecular a-helix/a-helix interactions, and are well understood as the basis for parallel self-association into a-helical dimers, trimers and tetramers (Lupas, 1996) . LZ motifs also mediate antiparallel a-helix/a-helix interactions (Oakley and Hollenbeck, 2001) . To date, however, the R domains of CbpA have not been structurally characterized.
CbpA R domains bind the extracellular, immunoglobulinlike (Ig-like) domains of pIgR termed secretory component (SC) (Hammerschmidt et al, 1997; Zhang et al, 2000) . SC covalently binds to IgA dimers and, after transcytosis from the basolateral to apical surface of NE cells, the SC/IgA 2 complex is proteolytically cleaved from pIgR to release sIgA (Mostov, 1994) . A conserved hexapeptide motif within the R domains is required for binding to sIgA (Hammerschmidt et al, 2000) . Here we present the solution structure of domain R2 of CbpA containing this motif determined using NMR spectroscopy. Further, we used this structure to model that for domain R1. Surface plasmon resonance (SPR) and isothermal titration calorimetry (ITC) were used to gain insight into the mechanism by which CbpA binds components of pIgR. Our results provide the first molecular insights into the structurally novel mechanism by which pneumococcus binds pIgR and subsequently invades human cells.
Results

Conserved features of CbpA sequences from many pneumococcal strains
The R domains of CbpA from the TIGR4 strain of S. pneumoniae are highly conserved in CbpA sequences from other pneumococcal strains (Iannelli et al, 2002) . We compared CbpA sequences (excluding the choline binding motifs) from 47 pneumococcal strains and quantified R domain conservation (Figure 2A and B). A total of 39 sequences exhibit R1 and R2 domains that are X50% identical to the TIGR4 domains, six exhibit one R2-like (X50% identical) domain and one exhibits one R1-like (93% identical) domain. Residues at 22 positions are identical in these R1 and R2 domains, 87 in total, including five residues within the hexapeptide motif discussed earlier. Thus, our structural and biophysical results for the R domains of the TIGR4 strain are relevant to CbpA from virtually all known pneumococcal strains.
Solution structure of CbpA, domains R1 and R2
The secondary structure of N-terminal CbpA domains was elucidated using circular dichroism (CD) and NMR spectroscopy. Domains R1 and R2 (78% identical) each contain 12 imperfect copies of the LZ motif and span residues 175-285 and 327-442, respectively. Eight of the 24 differences between R1 and R2 correspond to substitution of Glu by Lys, or vice versa ( Figure 1C ). The CbpA R domain LZ motifs are similar to those found in coiled-coil proteins ( Figure 1C ) (Lupas et al, 1991) ; however, the amino acid at position d of the heptad motif, which is usually Leu in the classical LZ motif, is most frequently Ala in the R domains.
CbpA-R1 and -R2 possess extensive a-helical structure on the basis of CD spectra ( Figure 3B ) and we used NMR spectroscopy to determine the CbpA-R2 structure in solution. Secondary 13 C a chemical shifts for CbpA-R2 ( Figure 4A ), which are indicative of secondary structure, clearly revealed three a-helices: Helix 1 (residues 330-357), Helix 2 (residues 366-390) and Helix 3 (residues 396-425). These adopt an unusual three-a-helix, raft-like structure through antiparallel a-helix/a-helix interactions ( Figure 4B ). The a-helices, while antiparallel, are not exactly coaxial due to slight coiling ( Figure 4C ). The crossing angle for Helices 1 and 2 is À1781 and that for Helices 2 and 3 is À1761. In addition, we generated a homology model of CbpA-R1 based on the structure of CbpA-R2. The structures of CbpA-R2 ( Figure 4B ) and -R1 indicate that many hydrophobic residues are buried at the two a-helix/a-helix interfaces and that the protein surfaces are dominated by polar and charged residues (Lupas et al, 1991) . (C) Sequences of domains R1 and R2. The letters a-g and horizontal lines indicate the locations of the 12 LZ heptad motifs. Within the LZ motifs, hydrophobic residues are colored brown (L, V, I and A), acidic residues red (D and E) and basic residues blue (K and R). Sites in the R1 and R2 sequences where an acidic residue is swapped for a basic residue, or vice versa, are indicated by red and blue shading, respectively. Residues of the conserved RNYPT motif are colored green and the three a-helices of CbpA-R2 are indicated by black rectangles. Residues that are conserved in 87 R domain sequences from 47 pneumococcal strains are also given.
( Figure 4D ). CbpA-R2 exhibits a bilobed electrostatic potential, with one face of the structure highly electronegative (red contours in Figure 4D , left) and the other electropositive (blue contours). The differences in charged residues between CbpA-R2 and -R1 cause increased electronegative character on one face of CbpA-R1 and reduced electropositive character on the other ( Figure 4D , right).
Peptides with the sequence RNYPT bind to sIgA and SC, and mutations in this motif in SpsA, a CbpA variant with one R domain, abolish binding to sIgA (Hammerschmidt et al, 2000) . The YPT motif, which occurs once in each of the two TIGR4 CbpA R domains ( Figure 1C ), is found in the loop between Helix 1 and Helix 2 in the CbpA-R2 structure ( Figure  4B and E). Interestingly, these and other conserved residues in the loop protrude into solvent from an electrostatically neutral region of CbpA-R2, with two partially stacked Tyr residues forming a 'tyrosine fork' structure ( Figure 4D , left, and Figure 4E ). Most residues in the Helix 1/Helix 2 loop are conserved in CbpA-R1 and thus the homology model of domain R1 exhibits a similar tyrosine fork feature. While the differences in charged residues mentioned above affect the electrostatic properties of domain R1, the potentials in the vicinity of the YPT motif in this domain are very similar to those of the R2 domain ( Figure 4D , right), suggesting that the negative charge of this region and the protruding YPT motif are involved in binding to pIgR. Many of the residues in this region have significant hydrophobic character, including Tyr 358 and 363, Pro 359, and Thr 360 and 362 ( Figure 4E ) (Nozaki and Tanford, 1971; Creighton, 1993) , suggesting that hydrophobic interactions are involved in receptor binding.
Proteins that contain multiple LZ motifs often self-associate. However, the results of equilibrium analytical ultracentrifugation (AUC) experiments showed that CbpA-R1 and -R2 are predominantly monomers in solution (Supplementary Figure 1C and D) . Analysis of sedimentation data for both domains did, however, provide evidence for very weak selfassociation at high protein concentration (Supplementary  Table 1 ). Further, we showed using equilibrium AUC that CbpA-R1 and Cbp-R2 do not interact to form hetero-oligomers (data not shown). Importantly, these results show that the principal role of the CbpA LZ motifs is to mediate the folding, not oligomerization, of the R domains.
Structural properties of CbpA-N (residues 39-174)
The role of the N-terminal domain of CbpA (containing LZ domains A and B; Figure 1A ) in adhesion and invasion is not known. To provide preliminary insights into function, we characterized the structure and self-association properties of CbpA-N (residues 39-174). CD results show that CbpA-N adopts a-helical secondary structure ( Figure 3B ) and that it has a stable fold ( Figure 3C ). As observed for CbpA-R1 and CbpA-R2, AUC analysis showed that CbpA-N is monodisperse; however, a small degree of oligomerization was observed at 0 and 50 mM NaCl (Supplementary Table 1 ).
The full CbpA N-terminus (residues 39-442) is comprised of three a-helical domains
We used CD to compare the structure of a 404-amino-acid fragment of CbpA (CbpA-NR12; Figure 3A ) with that of the three domains within this fragment (CbpA-N, -R1 and -R2). CD spectra for CbpA-N, -R1, -R2 and -NR12 ( Figure 3B ) showed that all constructs are highly a-helical. Further, we monitored ellipticity at 222 nm for each construct as the temperature was raised from 5 to 951C to characterize thermal stability. CbpA-R1 and -R2 exhibited thermal unfolding transitions at 44 and 471C, respectively ( Figure 3C ). CbpA-N also exhibits a single thermal transition but at a much higher temperature, 711C ( Figure 3C ). Based on these data, we conclude that CbpA-N, -R1 and -R2 are individually folded, stable a-helical domains. The thermal melting curve for CbpA-NR12 is a composite of those for the individual domains, exhibiting two thermal transitions, one at 451C and a second at 711C. These data suggest strongly that the structure of the individual CbpA domains is preserved in the multidomain construct CbpA-NR12.
We also compared the structure of CbpA-R2 with that of the R2 domain within CbpA-NR12 by analyzing 2D 1 H-15 N TROSY spectra. The spectrum of CbpA-R2 ( Figure 5A ) exhibited the appropriate number of resonances, most of which appeared outside the crowded central region. The resonance pattern of CbpA-R2 was well reproduced in the spectrum of CbpA-NR12. The similarity between the two spectra is illustrated by the blue overlays in Figure 5A and B; the blue layer identifies resonances that appeared at identical positions in the two spectra. In Figure 5A , the spectrum of CbpA-R2 is the red-colored layer; however, most resonances appear blue because they also appeared in Figure 5B . In Figure 5B , approximately 40 isolated resonances (excluding obvious side-chain resonances) are colored blue, indicating that they also appeared in Figure 5A . CbpA-R2 is comprised of 119 amino acids and the fact that resonances for one-third of these appeared at identical chemical shift values in the two spectra suggests that the structure of CbpA-R2 is the same in the two constructs. These data provide further support for the conclusion that the N-terminus of CbpA (residues 39-442) is comprised of three independent, a-helical domains.
Role of CbpA 'R' domains in pIgR binding
We studied the binding of domains of CbpA to components of pIgR using several approaches to understand the underlying interaction mechanism. First, we used ELISA to measure the extent to which CbpA constructs bind to sIgA. In agreement with previous studies (Hammerschmidt et al, 2000; Zhang et al, 2000) , our results show that multidomain fragments of CbpA, including CbpA-R12 and -NR12, bind to immobilized Figure 2) . However, this assay detected only a weak interaction between sIgA and CbpA-N, -R1 and -R2. These results suggested that multiple CbpA domains cooperate in binding sIgA.
To clarify the role of domains R1 and R2 in pIgR binding, we performed binding experiments using SPR and ITC. We immobilized either sIgA or SC expressed in Sf9 insect cells (SC-D15) on SPR biosensor surfaces and monitored CbpA binding. The experiments were performed at several different concentrations of each CbpA construct (Supplementary Figure 2B) and a global fitting procedure was used to determine association (k a ) and dissociation (k d ) rate constants (Figure 6A and Supplementary Table 2 ). Further, these rate constants were used to calculate the apparent Gibbs free energy of binding (DG SPR ) for each reaction (DG SPR ¼ ÀRT ln(k d /k a ); Figure 6A ). SPR data for CbpA fragments binding sIgA and SC-D15 showed similar trends and, therefore, only those for binding to sIgA are illustrated in Figure 6A and Supplementary Figure 2B . Kinetic constants for all reactions (sIgA and SC-D15) are given in Supplementary  Table 2 . Because CbpA-NR12 and -R12 each contain two 'R' domains, each with one YPT motif, we determined whether the individual R domains bound to components of pIgR. CbpA-R1 and -R2 bound to the sIgA surface more rapidly than did those containing two R domains (CbpA-R12 and -NR12) ( Figure 6A and Supplementary Table 2), as would be expected if association was controlled by diffusion. These constructs dissociated from the sIgA surface with rates that depended on the number of R domains; CbpA-R1 and -R2 dissociated more rapidly than did CbpA-R12 and -NR12. CbpA-R1 and -R2 exhibited similar DG SPR values (À13.4 and À12.8 kcal mol À1 , respectively), and the value for CbpA-NR12
was only slightly more negative (À14.0 kcal mol À1 ). In this surface-based assay, the presence of two R domains in CbpA-NR12 appears to enhance binding to sIgA only slightly. While the SPR data provided important insights into CbpA:sIgA (and SC) interactions, due to the surface-based format of this assay, DG SPR values may not reflect binding behavior in solution. Further, the analysis of binding stoichiometry from SPR data can be problematic. To overcome these limitations, we used ITC to monitor binding of the CbpA constructs to SC-D15. Solutions of CbpA-R1, CbpA-R2, CbpA-R12 or CbpA-NR12 were injected into a solution of SC-D15 and the evolved heat was measured ( Figure 6B and Table I ).
These data were fit using standard equations to give values of the enthalpy (DH ITC ), Gibbs free energy (DG ITC ) and entropy (ÀT DS ITC ) of binding. In addition, the CbpA:SC-D15 mole ratio (N) for each construct was determined (Table I ). Binding to SC-D15 was studied because only this protein could be obtained with sufficient purity and in sufficient quantities. The absolute values of DG ITC are between 3 and 4 kcal mol À1 smaller than those determined from SPR-derived rate constants; however, only a small difference was observed between the values for the different CbpA constructs, which parallels the results from SPR (Table I and Figure 6A ). Surface immobilization of sIgA and SC-D15 in the SPR experiments may promote association relative to the situation in solution, and give rise to anomalously large values of DG SPR . Despite this caveat, DG SPR values can be compared to give an accurate measure of relative binding affinities for different CbpA constructs. The ITC results show that 2 mol of CbpA-R1 or CbpA-R2, or 1 mol of CbpA-R12 or CbpA-NR12, bind to 1 mol of SC-D15. This latter result, along with the similarity of the DG ITC values and kinetic constants for CbpA-R1 and -R2 binding SC-D15, strongly suggests that there are two thermodynamically indistinguishable binding sites in SC-D15 for CbpA R domains. DG ITC values for CbpA-R12 and -NR12, each with two R domains, are only marginally larger in absolute magnitude than those for CbpA-R1 and -R2, which, at first, may seem inconsistent with the presence of two binding sites in SC-D15. However, the values of the entropy parameter (ÀT DS) for the former constructs are twice those for the latter (Table I) , which largely nullifies the enthalpic benefits (in CbpA-R12 and -NR12) associated with having two R domains. The large entropic penalty of binding for constructs with two R domains may arise from restriction upon binding of a highly flexible polypeptide linker between domains R1 and R2. Mutation of residues within the YPT motif of CbpA interferes with sIgA binding (Hammerschmidt et al, 2000) . To further confirm our binding model, we prepared three CbpA-NR12 constructs in which the Tyr residue of the YPT motif was mutated to Gly in the R1 domain (CbpA-NR12-Y205G), the R2 domain (CbpA-NR12-Y358G) or both domains (CbpA-NR12-Y205G/Y358G) and used SPR to determine k a , k d and DG SPR values ( Figure 6A ). Similar mutant CbpA constructs in which the Pro residue of the YPT motif was mutated to Gly were also prepared and analyzed. We reasoned that Gly would readily mimic the backbone conformation of Tyr and Pro residues and, therefore, other than eliminating a side chain, this substitution would not disrupt the structure of the R domains, as was shown by CD studies of CbpA-NR12-Y205G/Y358G (data not shown). The results for the GPT and YGT mutants binding to sIgA and SC-D15 were similar (Supplementary Table 2) , and only those for the GPT mutants binding sIgA are discussed here. The k a values for the mutant constructs binding to immobilized sIgA were similar to that of CbpA-NR12. However, the k d values were different and depended on the number of intact YPT motifs. These rates are on average five-fold larger (faster) than that observed for CbpA-NR12. Mutation of both YPT motifs increased the dissociation rate further to a value that is approximately 500-fold larger than that for CbpA-NR12. The value of DG SPR for CbpA-NR12 binding to sIgA is À13.2 kcal mol À1 , while those for the single GPT mutants are À12.2 and À12.3 kcal mol À1 (for CbpA-NR12-Y205G and -Y358G, respectively). The DG SPR value for the double GPT mutant, CbpA-NR12-Y205G/Y358G, is À9.8 kcal mol
À1
. These results show that one R domain, either R1 or R2, is sufficient for CbpA to bind sIgA (and SC) with high affinity. Affinity is diminished by about 1 kcal mol À1 if one residue in the YPT motif in either R1 or R2 in CbpA-NR12 is mutated and by about 3.5 kcal mol À1 if one residue in each YPT motif in CbpA-NR12 is mutated ( Figure 6A ). CbpA-N failed to bind immobilized sIgA or SC-D15 in SPR experiments at concentrations up to 1.5 mM (data not shown), showing that the R domains within CbpA-NR12 are the principal determinants of interactions with sIgA (and SC). Further, the similarity of binding data for CbpA-R1 and -R2, and the two single GPT mutants of CbpA-NR12, indicates that the R1 and R2 domains interact similarly with the two R domain binding sites within sIgA and SC. It has been shown recently that CbpA binds to Ig-like domains 3 and 4 of SC (Lu et al, 2003; Elm et al, 2004a) . It is possible that the two binding sites we have identified are found within these two domains.
Role of CbpA 'R' domains in adhesion to nasopharyngeal epithelia
To understand whether there were parallels between our in vitro findings on the effects of mutations within the YPT motifs on CbpA binding to pIgR and bacterial adhesion to cellular receptors, we performed adhesion assays with pneumococci and human NE cells (Detroit cells). We expressed wild-type and mutant CbpA proteins in a CbpA null pneumococcal strain (DCbpA À ) and measured adhesion of these bacteria to Detroit cells ( Figure 6C ). While the reproducibility of results from this biological assay is inferior to that associated with our SPR results, the adhesion results clearly show the same trends as do results from SPR. For example, mutation of the Tyr residue in one of the two YPT motifs does not have a statistically significant effect on the number of pneumococci that adhere to epithelial cells. However, mutation of Tyr within both YPT motifs reduces adhesion to the level associated with pneumococci that lack CbpA. These results show that, while CbpA is not the sole determinant of adhesion to human target cells, incorporation of mutations in two out of 693 amino acids in the CbpA sequence that significantly decrease affinity for sIgA and SC in vitro ( Figure 6A ) has similar effects on adhesion to human cells.
Discussion
Novel structural features of CbpA domains
The mode of attachment of pneumococci to the surface of human epithelial cells is uniquely characterized by the absence of pili or fibrillar bacterial protrusions. Rather, the pneumococcus utilizes a novel mechanism to adhere to and invade human cells; this mechanism is mediated in part by CbpA, which is secreted and recaptured onto the bacterial surface. Among pathogenic bacteria, the use of choline moieties on the bacterial surface as binding sites for functional proteins is uniquely essential to pneumococci (Tomasz, 1967; Rosenow et al, 1997) . We show here that domains R1 and R2 of CbpA adopt a strikingly simple structure comprised of three a-helices that bundle together through antiparallel interactions into a flat, raft-like structure. While we have not experimentally determined the structure of CbpA-R1, the similarity of its primary sequence, CD spectra and thermo- dynamic and kinetic properties to those of the R2 domain strongly suggests that our homology model is accurate. The R domains are unusual in their helical topology and in the highly polar and charged nature of their molecular surfaces. A prominent feature with mixed polar and hydrophobic character-the tyrosine fork-near the loop between Helices 1 and 2 contains several conserved residues that are likely to play a key role in binding to Ig-like domains of pIgR. Most other conserved residues ( Figures 1C and 4D ) are hydrophobic and are involved in a-helix/a-helix interactions. These may be conserved to preserve the helical topology of the R domains. Other conserved residues are charged and/or polar and are generally surface exposed; these residues may also play roles in interactions with pIgR. The arrangement of the three a-helices of CbpA-R2 is different from that of other LZ proteins in that the antiparallel a-helices are nearly coaxial, with crossing angles near À1801 (À1781 for Helices 1 and 2, À1761 for Helices 2 and 3). We identified four proteins with one pair of antiparallel a-helices comprised of LZ sequences that exhibit structural similarity to CbpA-R2 (Pdb file 1ROP, Dali Z-score, 5.4; 1GRJ, 4.9; 1CXZ, 4.8; and 1AQT, 4.2) (Holm and Sander, 1993; Oakley and Hollenbeck, 2001) . The a-helix crossing angles in these proteins are À161, À153, À160 and À1591, respectively. These crossing angles arise due to the bulky nature of the hydrophobic side chains of Ile, Leu and Val at positions a and d in the heptad repeats, which forces the helices to twist in order to pack 'knobs-into-holes' (Crick, 1953) . The LZ motifs in CbpA-R1 and -R2 differ from the classical motif in that alanine is often found at position d ( Figure 1C) . The presence of a limited number of small alanine side chains at the a-helix/a-helix interface may allow nearly perfect antiparallel packing of a-helices into the flat, raft-like structure of CbpA-R2.
Phylogenetic analysis reveals conserved structural features of CbpA
Our CbpA mutagenesis results showed that preservation of the Tyr and Pro residues within at least one YPT motif is essential for high-affinity binding to sIgA. Our results are consistent with the findings of others. In particular, Elm et al (2004b) showed that a fragment of SpsA (residues 37-283) with a single R2-like domain (SpsA is also termed PspC 2.1, which constitutes Group 4 in Figure 2 ) was a competitive inhibitor of pneumococcal adherence to human cells that express pIgR. Importantly, this group also showed that a related CbpA fragment in which Tyr 201 (within the YPT motif) was mutated to Asp was not an inhibitor of adherence. We also observed that the isolated domains, CbpA-R1 and -R2, bind sIgA and SC with similar kinetic and thermodynamic constants. This suggests that the conserved features of the R domains are associated with receptor binding. Further, we reasoned that the residues in these domains that are most highly conserved among different CbpA sequences are involved in receptor binding. Our phylogenetic analysis showed that 22 residues that are conserved in all sequences ( Figures 1C and 4D) are found in the C-terminal portion of Helix 1, in the loop connecting Helices 1 and 2 and in the N-terminal portion of Helix 2. These residues, many of which are hydrophobic, are evenly distributed on the two faces and within the two a-helix/a-helix interfaces of the CbpA-R2 structure. The majority are found in Helix 2. For the R2 domain of the TIGR4 strain, an abundance of acidic residues in the midst of the conserved residues gives rise to a strong, negative electrostatic potential on one face of CbpA. However, the electronegative character near the loop containing the YPT motif is neutralized, in part due to the influence of two conserved basic residues, Arg 356 and Lys 364 ( Figure 4E ). This causes the side chains of the two Tyr residues (Tyr 358 and 363) of the tyrosine fork to protrude from one face of the raft-like structure into a region of low electrostatic potential (o|71 kt|). In addition, several other conserved residues (Pro 359, Thr 360 and Thr 362) protrude prominently from the loop on the opposite face of the raft-like structure. Together, our results from mutagenesis and binding experiments and this structure-based analysis strongly suggest that these conserved residues play important roles in binding to SC. While these residues sit in a node in the electrostatic potential map, it is possible that the SC surface has electropositive character that serves, in the initial stages of binding, to attract the electronegative surface of CbpA-R2 and possibly other CbpA R domains.
Materials and methods
Construction of CbpA expression plasmids and expression and purification of CbpA proteins
Expression plasmids for CbpA proteins were prepared using standard methods, as discussed in detail in Supplementary Materials. CbpA proteins for structural and biophysical studies were expressed in Escherichia coli and purified using standard procedures, as given in Supplementary Materials.
Expression of SC-D15 in Sf9 cells and purification
A gene encoding pIgR D1-D5 (residues 1-589 of the mature protein with a C-terminal 6xHis tag) was subcloned into the baculovirus transfer vector pAcGP67b (Pharmingen) in-frame with the gp67 hydrophobic secretion signal. Recombinant virus was generated by cotransfection of the transfer vector with linearized viral DNA (Baculogold; Pharmingen). SC-D15 was harvested from the supernatants of baculovirus-infected High 5 Cells (Invitrogen), which were concentrated and buffer exchanged into 20 mM Tris pH 8.0 and 150 mM NaCl. SC-D15 was purified on Ni-NTA resin (Qiagen) followed by gel filtration chromatography (Superdex 200, .
Adhesion experiments
Pneumococci were grown in C þ Y media (Lacks and Hotchkiss, 1960) to early stationary phase. All strains were grown in the presence of chloramphenicol (5 mg ml À1 ), the DCbpA À mutant strain with erythromycin (1 mg ml À1 ) and those transformed with the pNE1/CbpA vectors with spectinomycin (500 mg ml À1 ). Cells were pelleted and resuspended in fluorescein isothiocyanate (FITC; 1 mg ml À1 ; Sigma) (Rosenow et al, 1997; Gosink et al, 2000) . After incubation at 251C for 30 min, the bacteria were washed with PBS containing Ca 2 þ and Mg 2 þ (Mediatech), and diluted to 1 Â10 7 CFU ml À1 . Confluent monolayers of Detroit 562 epithelial cells (ATCC) were established in 96-well Terasaki trays and activated prior to infection with human TNFa (10 ng well À1 ) for 2 h. The cells were infected with 10 5 CFU of labeled bacteria for 30 min at 371C. The cells were washed four times with PBS containing Ca 2 þ and Mg 2 þ and fixed with 2.5% (vol/vol) glutaraldehyde. The number of adherent bacteria was determined by counting using fluorescence microscopy. We used the following procedure to determine that pneumococci transformed with pNE1/ CbpA vectors expressed equal amounts of wild-type and mutant CbpA on the bacterial surface. The total bacterial CbpA and surfacebound CbpA (extracted from the bacterial surface with 10% choline) were quantified by Western analysis using a polyclonal anti-CbpA antibody generated against the CbpA N-terminus (residues 39-443) in rabbits. The antibody was purified using affinity chromatography before use.
NMR spectroscopy
Isotope labeled samples for NMR studies were prepared by culturing BL21(DE3) cells in isotope-labeled MOPS-based minimal media (Neidhardt et al, 1974 (Weigelt, 1998; Rance et al, 1999; Zhu et al, 1999) for CbpA-R2 and -NR12 were recorded using identical acquisition parameters: 1 H: spectral width, 14 368 Hz; data size, 1k complex points;
15 N: spectral width, 2433 Hz; data size, 128 complex points. A Cosine window function and zero-filling were applied prior to Fourier transformation in each dimension. Backbone resonance assignments for 2 H/ 13 C/ 15 N-labeled CbpA-R2 were determined through the analysis of multiple 3D and 4D spectra, including 3D constant time-(CT-) HNCA, CT-HN(CO)CA (Yamazaki et al, 1994b) , CT-HN(CA)CB and CT-HN(COCA)CB (Yamazaki et al, 1994a) , and 4D HNCOCA and HNCACO (Mulder et al, 2000) . H-13 C HSQC, were used to obtain distance restraints for structure calculations. Spectra were recorded at 251C using several spectrometers: a Varian Inova 600, a Varian INOVA 900 and a Bruker AVANCE 800. Spectra were processed using NMRPipe software (Delaglio et al, 1995) and analyzed using Felix software (Accelerys Inc.). The 1 H dimensions of spectra were referenced to external TSP and the 13 C and 15 N dimensions were referenced indirectly using the appropriate ratios of gyromagnetic ratios (Cavanagh et al, 1996) . Secondary 13 C a chemical shift values (Dd 13 C a ) were calculated as described (Schwarzinger et al, 2001 ).
Structure calculation, refinement and analysis CbpA-R2 structures were calculated using interproton distance restraints estimated from 3D and 4D NOESY cross-peak volumes. Restraint lower bounds were set to 1.8 Å and upper bounds to 2.5, 3.5 and 6.0 Å for large, medium and small volumes, respectively. The program TALOS (Cornilescu et al, 1999) was used to estimate backbone dihedral angles psi (c) and phi (f) based on 1 H a , 15 N, 13 C a , 13 C b and 13 C 0 chemical shift values within the a-helical segments of CbpA-R2. In addition, hydrogen-bond (H-bond) restraints were used within a-helices. Amide protons involved in H-bonds were identified on the basis of slow exchange with 2 H 2 O. Restraints are summarized in Table II . Structures were calculated using torsion angle dynamics (TAD) (Stein et al, 1997) within CNS (Brunger et al, 1998) . The TAD protocol was performed in stages: (1) 75 ps high-temperature TAD (50 000 K) followed by (2) cooling to 1000 K over the course of 75 ps and ramping of the van der Waals scaling term from 0.1 to 1.0. (3) The molecules were further cooled to 300 K over the course of 20 ps using conventional Cartesian dynamics followed finally by (4) 10 000 steps of conjugate gradient energy minimization. The NOE (dihedral) restraint energy term was 150 kcal mol À1 (100 kcal mol À1 ) for stages 1-3 and 100 kcal mol
À1
(300 kcal mol À1 ) for the last. A total of 200 structures were calculated, and the 40 lowest-energy structures were further refined by using the SANDER module of AMBER 8.0 (Case et al, 2004) . Solvent was represented by the generalized-Born (GB) model (Xia et al, 2002) . Structures were first energy minimized for 1 ps without restraints followed by 40 ps of simulated annealing from 400 to 0 K with all restraints. The distance and angle restraint force constants were 20 and 2 kcal mol À1 Å À2 , respectively. Statistics for the 20 lowest-energy structures are given in Table II . The program Define_S was used to determine the a-helix crossing angles for CbpA-R2 and other LZ-containing proteins (Richards and Kundrot, 1988) . Further, we compared the structure of CbpA-R2 with those of other proteins using the Dali server (http://www.ebi.ac.uk/dali/Interactive.html). The coordinates for the 20 lowest-energy CbpA-R2 structures have been deposited under PDB ID code 1w9r.
Homology modeling of CbpA-R1
We used the program MOE (Chemical_Computing_Group) to calculate a homology model of CbpA-R1 using the experimental structure of CbpA-R2 as the template. Briefly, MOE first aligned the sequence of the target (R1) with that of the template (R2). Next, the side chains of nonidentical residues were built and side-chain conformations were adjusted by reference to a rotomer library followed by energy minimization using the AMBER '94 forcefield.
SPR measurements
SPR experiments were performed at 251C using a BIACORE 3000 instrument (Biacore Inc.). sIgA and SC-D15 were covalently attached to different carboxymethyl-dextran-coated gold surfaces (CM-5 Chip, Biacore) using the manufacturer's procedures. Binding was measured by flowing CbpA proteins in 10 mM HEPES, 150 mM NaCl, 3 mM EDTA and 0.005% Surfactant P20 (pH 7.4) (HBS-EP buffer, Biacore) at a flow rate of 20 ml min À1 through the reference and sIgA-containing flow cells in sequence. A blank was also run consisting of only buffer. Following the injection, dissociation of CbpA proteins was measured by flowing only buffer through the cells. The chip surfaces were regenerated by injecting 20 ml of 0.1% SDS through the cells. Data reported are the difference in SPR signal between the flow cell containing sIgA and the reference cell. Contributions to the signal from buffer were removed by subtraction of the blank (buffer only) injection from the referencesubtracted signal (Morton and Myszka, 1998) . Triplicate injections were made and the average taken. Data were analyzed by simultaneously fitting association and dissociation phases at all concentrations using the BiaEvaluation software (Biacore Inc.). The model used for fitting was the simplest that was able to account for the observed binding. The concentrations of CbpA constructs used in these experiments are given in the legend to Supplementary Figure 2B .
ITC experiments
ITC experiments were performed at 251C using a VP-ITC (Microcal) calorimeter. A preliminary 2 ml injection of either CbpA-R1, CbpA- R2, CbpA-R12 or CbpA-NR12 (all at 40 mM) was followed by multiple injections of 5 ml at 300 s intervals into a solution of 4 mM SC-D15. All proteins were dissolved in 20 mM sodium phosphate (pH 6.5) and 100 mM NaCl. Thermodynamic parameters were obtained using Origin software (OriginLab) using a single binding site model after correcting heat values for the effect of dilution. The results of titrations with the CbpA constructs and SC-D15 indicated that the effective concentration of SC-D15 was 1.42 mM, indicating that only 36% of SC molecules were competent for binding CbpA. This conclusion was confirmed using gel filtration chromatography, as follows. In the absence of CbpA, SC-D15 migrated as a single species. Addition of an excess of CbpA-R1 caused only B40% of the parent SC peak intensity to shift to a more rapidly migrating species (corresponding to the CbpA-R1:SC-D15 complex). Formation of this complex was complete upon addition of approximately 0.8 molar equivalents of CbpA-R1. We used this effective concentration of SC-D15 (1.42 mM) when analyzing raw heat data to obtain CbpA:SC-D15 mole ratios (Table I) .
Supplementary data
Supplementary data are available at The EMBO Journal Online.
